Nonstructural proteins of Sindbis virus, nsPl, nsP2, nsP3, and nsP4, as well as intermediate polyproteins, are produced from two precursor polyproteins, P123 and P1234, by a proteolytic enzyme encoded in the C-terminal half of nsP2. We studied the requirements for and the functions of the intermediate and mature processing products for Sindbis virus RNA synthesis by using site-directed mutants which have a defect(s) in processing the 1/2, 2/3, or 3/4 cleavage sites either singly or in various combinations. A mutant defective in cleaving both the 1/2 and 2/3 sites, which makes only uncleavable P123 and mature nsP4 as final products, produced 10-3 as much virus as did the wild-type virus after 10 h at 30°C and was nonviable at 40°C. A mutant defective in processing the 2/3 site, which makes nsPl, nsP4, and P23 as well as precursor P123, grew 10-" as efficiently as wild-type virus at 30°C and 10-3 as efficiently at 40°C. Early minus-strand RNA synthesis by these mutants was as efficient as that by wild-type virus, whereas plus-strand RNA synthesis was substantially decreased compared with that by wild-type virus. A mutant defective in processing the 3/4 site was nonviable at either 30 or 40°C. The 3/4 site mutant could be complemented by the mutant unable to cleave either the 1/2 or 2/3 site, which can provide mature nsP4. We interpret these results to signify that (i) mature nsP4 is required for RNA replication, (ii) nsP4 and uncleaved P123 function in minus-strand RNA synthesis, and (iii) cleavage of P123 is required for efficient plus-strand RNA synthesis. We propose that Sindbis virus RNA replication is regulated by differential proteolysis of P123. Early in infection, nsP4 and uncleaved P123 form transient minus-strand RNA replication complexes which vanish upon cleavage of P123. Later in infection, an elevated level of viral proteinase activity eliminates de novo synthesis of P123, and no further synthesis of minus-strand RNA is possible. In contrast, nsP4 and cleavage products from P123 form plus-strand RNA replication complexes which are stable and remain active throughout the infection cycle.
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Sindbis virus is the prototype virus of the genus Alphavirus in the family Togaviridae (36) . The virus genome is a plus-sense RNA of 11,703 nucleotides with a cap at the 5' end and a poly(A) tail at the 3' end (35) . Four nonstructural proteins, nsPI, nsP2, nsP3, and nsP4, named in order of their position from the 5' end, are directly translated from the 5'-terminal two-thirds of the 49S genomic RNA, whereas three structural proteins, capsid, E2, and El, are encoded in the 3'-terminal one-third and expressed from a 26S subgenomic RNA.
The four nonstructural proteins are initially translated as two overlapping polyproteins, P123 and P1234, the latter of which is produced by translational readthrough of an opal termination codon between nsP3 and nsP4. These polyproteins are cleaved into the four mature products, as well as into intermediate polyproteins, by a proteinase encoded in the C-terminal half of nsP2 (8, 15) . It has been shown from in vitro translation studies that different nsP2-containing polyproteins have different activities in processing the three cleavage sites (6, 32) . Notably, cleavage at the 1/2 site occurs in cis or in trans in P12 but only in trans in P123 or P1234; the 2/3 site in P123 and P1234 is not cleaved in cis but is cleaved rapidly in trans by P23; the 3/4 site in P1234 is cleaved efficiently in cis but is not cleaved efficiently in P34. As a result of these cleavage site preferences, early in infection when viral protein concentration is low P123 and nsP4 are the major translation products, whereas late in infection when the protein concentration is high the mature proteins as well as P34 accumulate (6) .
The functions of the four nonstructural proteins have been partially deduced from various studies. Amino acid sequence comparisons have shown that the N-terminal domain of nsP2 contains a nucleoside triphosphate (NTP)-binding helicase motif (10) and that nsP4 has an RNA polymerase motif (16) . From genetic studies with temperature-sensitive mutants, it has been postulated that nsPl is an initiation factor for minus-strand RNA synthesis (12, 28, 38) , nsP2 is a factor for recognition of the 26S subgenomic promoter (12, 26) , and nsP4 functions in template recognition and RNA elongation (2, 11, 24) . nsPl has also been shown to have activities suggesting that it is a capping enzyme, including methyltransferase and guanyltransferase activities (22, 31) . nsP3 has also been shown to be required for RNA synthesis because mutations in it render the virus unable to synthesize RNA (4, 12) , but no specific enzymatic activities have yet been ascribed to it. Until recently it was not known whether each protein functions only as the processed mature proteins or whether different polyprotein precursors also function in RNA synthesis. Preliminary studies with mutants containing nonstructural cleavage site mutations implied that polyproteins P123 and P23 are functional in virus replication (32) . Since nsP4 was made mostly early in infection whereas P34 accumulated late in infection, it was hypothesized that P34 might be a component of plus-strand RNA replication complex whereas nsP4 functions for both minus-and plusstrand RNA synthesis (37) . More recently, it was demonstrated that uncleavable P123 plus cleavable P34 or N-terminally truncated forms of P34 can transcribe both minus-and plusstrand RNAs in BHK-21 cells, showing that polyproteins can function in RNA synthesis (20) .
In this study we used a set of cleavage site mutants to investigate the requirements for and the functions of polyproteins and of mature proteins in Sindbis virus RNA synthesis. We found that uncleaved P123 and nsP4 function in minusstrand RNA synthesis but that cleaved products from P123 are required for efficient plus-strand RNA synthesis.
MATERIALS AND METHODS
Plasmid constructs, DNA preparation, and in vitro transcription. pTotollO1, a full-length cDNA clone of Sindbis virus (23) , was used as a wild-type (WT) parental clone to generate mutagenized derivatives. pTotollOl.S has Ser in place of an opal termination codon at position 550 of nsP3 (7 amino acids upstream of the 3/4 cleavage site) (21, 32) . Substitution of the Gly in the P2 position of the 1/2 and 2/3 cleavage sites by Val was described previously (32) . The Gly (GGU) in the P2 position of the 3/4 cleavage site was substituted with Val (G1.ZU) by site-directed mutagenesis (18); a BamHI fragment (nucleotides 4634 to 7338, where nucleotide 1 is the first nucleotide in the Sindbis virus genome) from pTotol 101 or pTotollOl.S was cloned into bacteriophage M13 and the mutagenesis was carried out with a minus-sense mutagenic primer, 5'-AATATGTACCCAACTACCCC-3', annealing to nucleotides 5757 to 5776 (5a). The 3/4 site mutation, in either the pTotollO1 or pTotollOl.S background, was also combined with either or both of the 1/2 and 2/3 site mutations by replacing the BamHI fragment of the 1/2 and 2/3 site mutants with that of the 3/4 site mutants. Thus, two sets of full-length cDNA clones containing one or combinations of the three cleavage site mutations were prepared in pTotol101 or pTotollOl.S backgrounds. Mutants having a single amino acid substitution in the 1/2, 2/3, or 3/4 cleavage site were called mutants 1V, 2V, and 3V, respectively. Mutants having multiple cleavage site mutations were called mutants 12V, 123V, and so forth. The opal-to-Ser substitution was denoted by .S. A mutant containing Gly instead of Cys at position 481 of nsP2, the active site of the nsP2-proteinase (P2C481G) (34) , was combined with an opal-to-Ser substitution to produce the mutant P2C481G.S. Miniprep DNA was prepared from transformed Escherichia coli MC1061.1 cells by a modified boiling method without RNase A treatment (32) . RNA was transcribed in vitro from XhoI-linearized template DNA with SP6 RNA polymerase in the presence of a cap analog as described previously (23) After addition of 3-P-labeled RNA probe to the hybridization buffer, the membrane was incubated for 8 h at 56°C and washed twice in 2% SDS-0.25 M sodium phosphate (pH 7.2)-i mM EDTA at 56°C for 30 min and twice in 1% SDS-40 mM sodium phosphate (pH 7.2)-i mM EDTA at 65°C for 30 min. The membrane was air dried and exposed to an X-ray film.
RNA electroporation and immunofluorescence assay. Nearly confluent monolayers of BHK-21 cells were trypsinized, washed, and suspended in PBS at 107 cells per ml. Approximately 20 jig of RNA transcripts synthesized in vitro was added to 0.4 ml of the cell suspension in an electroporation cuvette (0.2-mm electrode distance; Bio-Rad, Richmond, Calif.), and the suspension was subjected to two electric pulses of 1,500 V by using a Bio-Rad Gene Pulser electroporator. For the immunofluorescence assay, the electroporated cells were suspended in 10 ml of MEM containing 10% fetal calf serum, glutamine, and nonessential amino acids. Then 100 p.l of the diluted cell suspension was incubated in wells of a 96-well multititer plate at 40°C for 15 h. The cells were fixed with methanol, treated with a mixture of anti-El and anti-E2 rabbit polyclonal sera diluted 1/100 in PBS as primary antibodies and then with goat anti-rabbit immunoglobulin G conjugated to fluorescein isothiocyanate (F0382; Sigma Chemical Co.), and observed with a fluorescence microscope.
RESULTS
Cell-free translation products produced from in vitro transcripts of cleavage site mutants. Previously we showed that substitution of the penultimate Gly in the 1/2 or 2/3 cleavage sites with either Val or Glu abolished the processing at the mutated site, that abolition of processing at the 1/2 site also prevented efficient processing at the 2/3 site but abolition of cleavage at the 2/3 site did not interfere with processing at the 1/2 site, and that in either case the 3/4 site was cleaved efficiently (32) . For the current studies, the effect of substitution of the penultimate Gly in the 3/4 cleavage site upon processing at the three cleavage sites was also examined. Although the work in infected cells reported in this paper involves only viruses with the WT opal codon just upstream of the N terminus of nsP4, such that readthrough of this codon is required to produce polyproteins containing nsP4, we also included constructs containing a serine codon in place of the opal codon in in vitro translation experiments. Because readthrough of the opal codon is inefficient, the serine-containing constructs allowed a more accurate assessment of the extent of processing at the 3/4 site and allowed us to estimate the efficiency of readthrough at 30 and 40°C.
A. 300C (Fig. B) upon translation in cell-free extracts of transcripts from the mutated constructs. In polyproteins translated from transcripts from 1V and 1V.S mutants (lanes 2 and 11), cleavage at the 1/2 site was abolished, cleavage at the 2/3 site occurred inefficiently, and cleavage at the 3/4 site occurred as efficiently as in the WT strain. As a result, P123 and P1234 were the major products, with minute amounts of P12 and nsP3 in the lV mutant and of P12 and P34 in the IV.S mutant. Cleavage at the 3/4 site occurred efficiently in both 1V and IV.S mutants, but mature nsP4 is difficult to detect even in the lV.S mutant owing to its rapid degradation by an N-end rule pathway (7) . Translation of 2V and 2V.S transcripts resulted in the synthesis of P1234, P123, P234, P23, and nsPI, indicating that cleavage at the 2/3 site was blocked but the 1/2 and 3/4 sites were cleaved efficiently (lanes 3 and 12). Translation products from WT and 3V transcripts were indistinguishable (lanes I and 4), except for larger amounts of P1234 in 3V at 300C. However, there was no P123 in the translation products from 3V.S transcripts (lanes 13), indicating that cleavage at the 3/4 site was abolished but the 1/2 and 2/3 sites were cleaved in both 3V and 3V.S mutants. A Cys-to-Gly substitution at position 481 in nsP2 abolished processing at all three sites as reported previously (34) , and only P1234 and P123 were made from P2C481G mutant (lanes 9) and only P1234 was made from P2C481G.S mutant (lanes 18).
There were differences in the efficiencies of processing at 30 and 40°C. Cleavage at the 1/2 and 2/3 sites appeared to occur more efficiently at 40°C than at 30°C as judged from the accumulation of nsPI, nsP2, and P34 in the WT.S and 3V.S translation products (Fig. 1, lanes 10 and 13) . In contrast, cleavage at the 3/4 site appeared less efficient at 40°C than at 30°C as judged from the accumulation of P34 in the WT and WT.S translation products (lanes and 10) and a greater P1234/P123 ratio in the 12V.S translation products at 40°C than at 30°C (lanes 14). The accumulation of P234 in the WT.S and 3V.S translation products at 40°C indicated that the 2/3 site in P234 could not be cleaved efficiently at the higher temperature (lanes 10, 12, and 13). In addition, similar amounts of P123 and P234 were produced from 2V.S transcripts at 40°C, but much less P234 than P123 was produced at 30°C (lanes 12), indicating that at 40°C the 1/2 and the 3/4 sites were cleaved with an equal efficiency, whereas at 30°C the 3/4 site was more efficiently cleaved than at the 1/2 site. These differences in processing efficiencies may be due to changes in proteinase activities, to altered substrate structures, or to changes in the kinetics of translation at the two temperatures.
There was also a difference in the efficiency of readthrough of the opal termination codon near the end of nsP3 at the two temperatures. At 30°C, the opal codon was read through with about 20% efficiency as reported by de Groot et al. (6) , whereas at 40°C the readthrough appeared to occur with less than 5% efficiency, as judged from the P1234/P123 ratios in the translation products from the 123V and P2C481G transcripts (lanes 8 and 9).
Growth of mutant viruses. After transfection of chicken cells with WT transcripts, large plaques were formed at both 30°C ( Fig. 2A) and 40°C (Fig. 2B) . The 2V mutant formed small plaques at 30°C (Fig. 2C) and minute plaques at 40°C (Fig.  2D) . The 1V mutant (data not shown) and the 12V mutant formed minute plaques at 30°C (Fig. 2E ) but no plaques at 40°C (Fig. 2F) To further study the growth of the mutants, we incubated transfected cells at 30 or 40°C in liquid medium. The titer of the virus released into the medium was determined (Fig. 3A  and 3B) , and the cells were examined for the appearance of cytopathic effects. As judged from the number of plaques formed directly after RNA transfection, fewer than 1% of the cells appeared to be initially transfected when DEAE-dextran was used. However, at 30°C most of the WT-transfected cells developed cytopathic effects within 24 occasionally produced variants forming large plaques when incubated for prolonged periods, owing to reversion of the mutated Val in the 1/2 cleavage site to Gly or Ala (unpublished results). The virus titer after 48 h of incubation at 30°C was more than 10" PFU/ml after WT or 2V transfection and around l0' PFU/ml after 12V transfection. Thus for the WT virus, the 2V mutant, and the 12V mutant, there was a correlation between virus growth and plaque size at both temperatures.
Rescued viruses containing the 2V or 12V mutation formed the same-sized plaques as those formed directly after RNA transfection. Virus growth curves obtained from these viruses were essentially the same as those after RNA transfection except for the shorter latent periods (Fig. 3C and D) . WT virus was released into mcdium beginning at 3 and 5 h postinfection at 40 and 30°C, respectively. Release of 2V virus was delayed by 2 h compared with release of WT virus at either temperature. Release of 12V virus was delayed by 5 h compared with release of WT virus at 30(C and was not detected at 40°C, confirming that the 12V mutations are lethal at 40°C.
None of the cells transfected with the 3/4 site transcripts or the P2C481G transcripts released viable viruses into the media or developed any significant cytopathic effects at either temperature, even after 5 days of incubation, indicating that these mutations are lethal.
To confirm that the lethality of the 3V mutant rcsults from the substitution of the penultimate Gly in the 3/4 cleavage site with Val, the BamHI fragment (nucleotides 4634 to 7338), which was cloned from M13 replicative-form dsDNA after in vitro mutagenesis, was entirely sequenced and the sequence was compared with that of pTotol 101. The 3V mutant had the 
-
There are two forms of nsP3 and nsP3-containing polyproteins; one is produced by clcavage at the 3/4 site. and the other is terminated at an opal termination codon 7 amino acids upstream of the 3/4 cleavage site. When the 3/4 site is not cleavable, onily the latter forms are produced. " The mature nsP4 is difficult to detect in in vitro translation products owing to down-regulation by an in-frame, partial termination codon located upstream of the nsP4 gene and to rapid degradation by the N-end rule pathway (7) .
" Plaque sizes were compared after 48 h of incubation. A minus sign indicates that no plaques were formed and no cytopathic effects wcrc observed after RNA transfection and that no virus was detected in the media.
d When cleavage at the 1/2 site is abolished, cleavage at the 2/3 site occurs at a very low efficiency and only trace amounts of certain products were produced (+).
this construct were transfected into chicken cells, only large plaques were formed at 30 and 40°C. Therefore, the regions outside of the BamHI fragment do not have mutations which might have conferred the lethality of the 3V mutant, confirming that the substitution of Gly at the P2 position of the 3/4 site with Val is lethal. Table 1 summarizes the translation products from and the viability of each mutant.
Early minus-strand RNA synthesis by WT virus or by the 2V mutant. Since the 2V and 12V mutants cannot complete the normal processing pathway of the nonstructural proteins, which are components of the RNA replication complexes, their reduced and delayed growth, temperature sensitivity, and lethality are probably due to a defect(s) in viral RNA synthesis. To ascertain which step(s) of the RNA synthesis is impaired in the two mutants, the initial step of the virus RNA replication, the synthesis of minus-strand RNA, was analyzed by a PCR method.
From alphavirus-infected cells, minus-strand RNA is isolated as a double-stranded form, either because the minusstrand RNA is double stranded in the cell, forming replicative intermediates with plus-strand RNA, or because the minusstrand RNA hybridizes with plus-strand RNA present in large molar excess during the isolation procedure. To assess the detection limit of minus-strand RNA, dsRNA representing the 5'-terminal 5.9-kb region was produced in vitro. In ethidium bromide-stained agarose gels, a 0.9-kb PCR product originating from 102 molecules of the dsRNA was detectable whether the dsRNA was suspended in water (Fig. 4A ) or in extracts from uninfected chicken cells (Fig. 4B) . The 0.9-kb PCR product was not detected without first-strand cDNA synthesis (data not shown). Digestion of the 0.9-kb PCR product with Hindlll generated two fragments of 0.12 and 0.76 kb (data not shown), proving that the 0.9-kb DNA was amplified from cDNA corresponding to the 3'-terminal region of the minusstrand RNA. The amount of PCR product increased with increasing numbers of dsRNA molecules up to 103 to 104 and then plateaued, indicating that quantitative comparison of minus-strand RNA was feasible within the range of more than 10 to less than 104 molecules by this PCR method.
To examine early minus-strand RNA synthesis, chicken cells were inoculated with WT virus or the 2V mutant at a multiplicity of 10. Infection was synchronized by keeping the cells at 4°C during the inoculation period and then shifting the temperature to 30 or 40°C and incubating the infected cells for up to 24 h. Minus-strand RNA was assayed at intervals. In WT virus-infected cells, minus-strand RNA was not detectable before incubation at 30 or 40°C or within the first 20 min after the temperature was raised. Distinct 0.9-kb DNA appeared at 30 min after incubation at either 30°C (data not shown) or 40°C (Fig. 4C) . This indicates that minus-strand RNA was not present or was present in amounts below the detection limit during the first 20 min of incubation and that the minus-strand RNA detectable at 30 min was synthesized de novo after virus infection was established at the higher temperature. The amount of minus-strand RNA continued to increase during the first 3 h of incubation (Fig. 4C) and then appeared to remain constant for up to 24 h at either 30 or 40°C (Fig. 4E) . In cells infected with the 2V mutant and incubated at either 30 or 40°C, minus-strand RNA was also detectable at 30 min postinfection (Fig. 4D) ; the amount increased significantly up to 3 h postinfection ( Fig. 4D and F) and then remained constant (at 30°C) or declined (at 40°C) with long incubation (Fig. 4D and  F) . These results indicate that minus-strand RNA synthesis during the early stages of infection is indistinguishable in WT virus-infected and 2V mutant-infected cells.
Minus-strand RNA synthesis in the 12V mutant-infected cells. Chicken cells were infected with the 12V virus at a relatively low multiplicity of 2 because it was difficult to obtain virus stocks with a titer greater than 107 PFU/ml. Therefore, cytoplasmic extracts were concentrated fivefold compared with those from WT virus-or 2V mutant-infected cells so that the numbers of viral RNA molecules would be comparable. We found that when different multiplicities of infection with WT virus were used, the amount of minus-strand RNA synthesized early after infection was proportional to the multiplicity, and therefore the use of increased amounts of 12V-infected extract is expected to compensate for the lower multiplicity.
At 30°C, minus-strand RNA was detectable at 30 min after infection with 12V (Fig. 4G) . The amount of minus-strand RNA continued to increase during a 12-h incubation period. When the cells were incubated at 40(C, minus-strand RNA was also detectable at 30 min after infection (Fig. 4H) (Fig. 41) . The Plus-strand RNA accumulation at 40°C by WT virus and by the 2V mutant were also compared by Northern blotting of cytoplasmic RNA isolated at 0, 3, 5, and 7 h postinfection (Fig.  6) . At 3 h after infection with the 2V mutant, genomic and subgenomic RNAs were readily detected but the amounts were less than 10% of that produced in cells infected by WT virus. Amounts of both RNA species increased during the next 2 h, but after 5 h of infection a significant increase was not observed in the 2V mutant-infected cells. In contrast, in WT virusinfected cells genomic and subgenomic RNA levels continued to increase throughout the 7-h incubation period. For both viruses, the molar ratios of genomic to subgenomic RNAs appeared to be less than 1:20, probably owing to inefficient transfer of larger RNA molecules during blotting. The results are consistent with the uridine incorporation assays.
Complementation of the 3V mutant. To determine whether the 3V mutant could be rescued by supplying mature nsP4, we A. WT B.
carried out a complementation experiment between the 3V mutant and the 12V mutant. BHK-21 cells were transfected with in vitro transcripts of WT virus, the 3V mutant, the 12V mutant, or a mixture of the 3V and the 12V transcripts by using electroporation. After incubation at 40°C for 15 h, cells were examined by an immunofluorescence assay with a mixture of anti-El and anti-E2 antisera to detect viral glycoproteins produced in the transfected cells. When the cells were transfected with WT transcripts, more than 50% of the cells fluoresced intensely (Fig. 7A ). When they were transfected with the 3V transcripts (Fig. 7B) or the 12V transcripts (Fig.  7C) , the fluorescence was essentially the same as that seen with nontransfected control cells. However, when a mixture of the 3V transcripts and the 12V transcripts were electroporated, about 20% of the cells fluoresced singly or in clusters as intensely as those after WT transfection (Fig. 7D) Immunofluorescence assay of BHK-21 cells after electroporation with RNA transcripts from the WT, the 12V, and the 3V constructs. BHK-21 cells were transfected with WT transcripts (A), the 3V transcripts (B), the 12V transcripts (C), or a mixture of the 3V transcripts and the 12V transcripts (D) by using an electroporator. After electroporation, cells were incubated at 40°C for 15 h. Anti-El and anti-E2 rabbit polyclonal sera were used to probe the El and E2 glycoproteins, followed by a treatment with fluorescein isothiocyanate-labeled goat anti-rabbit immunoglobulin and examination in a fluorescence microscope.
scribed into genomic plus-strand RNA, rendering the mutant nonviable. In agreement with this, no incorporation of [3H]uridine could be detected at 40°C. The temperature sensitivity of the 12V mutant could be due to one or several possible factors, including reduced activities of the P123-nsP4 complex in plus-strand RNA synthesis, reduced production of nsP4 as a result of inefficient readthrough and cleavage at the 3/4 site, or decreased stability of minus-strand RNA at 40°C.
A requirement for cleavage at the 1/2 and 2/3 sites for efficient plus-strand RNA synthesis is implied from our finding that early minus-strand RNA synthesis by the 2V mutant and by the 12V mutant was as efficient as by WT virus but that late plus-strand RNA synthesis by these mutants was much reduced compared with that in WT virus. In these mutants the reduced and delayed virus growth presumably arises from inefficient plus-strand RNA synthesis. We believe that the mutations act by blocking cleavage of the mutated site rather than by having a direct effect on the activities of the RNA replicase. First, the conclusions drawn are supported by other approaches discussed in more detail below. Second, the nature of the mutations introduced seems unlikely to affect the activity of the enzymes. Third, the phenotype of the 1V mutant is indistinguishable from that of the 12V mutant (this study and reference 32); the cleavage patterns in these two mutants are the same even though the 2/3 site is not modified in 1V, suggesting that it is the defect in cleavage that is important. Lemm and Rice (19, 20) (32) . P123 and mature nsP4 are thus the major translation products at this stage. Later in infection, the concentration of the viral proteinase increases to the point at which the 2/3 site is cleaved rapidly, resulting in the production of P12 and nsP3 from P123 and of P12 and P34 from P1234; P12 is further cleaved into nsPl and nsP2, whereas P34 accumulates as a result of the lack of active enzymes that cleave the 3/4 site (6, 14) .
From the results of this study and those of previous studies, we propose that Sindbis virus RNA replication is regulated as follows. Early in infection, mature nsP4 and uncleaved P123 are components of a minus-strand RNA replication complex. Since P123 is vulnerable to further processing, continued protein synthesis is required to supply P123 if minus-strand RNA synthesis is to continue. Processed products from P123 then form replication complexes for plus-strand RNA synthesis. Later in infection, when the protein concentration is increased, the 2/3 site is rapidly cleaved, probably while the polypeptide chains are still nascent. Under these conditions, P123 cannot exist or be produced, and thus minus-strand RNA synthesis is shut off. Since the plus-strand RNA replication complexes consist of already processed products, they are stable and can continue to synthesize plus-strand RNA even after protein synthesis is blocked. The change in template specificity of the WT replicase upon cleavage of P123 may arise from differences in conformation of the proteins induced by cleavage.
de Groot et al. (6) previously proposed that the differential processing pathway resulting from the different cleavage site specificities of the viral nonstructural proteinase resulted in the regulation of minus-strand RNA synthesis. Since the switchover from slow processing of P123 to rapid processing coincided with the appearance of large amounts of P34, it was proposed that P34 played an active role in RNA synthesis (6, 13, 37) . The results of this study, as well as those of Lemm and Rice (19, 20) , of Sawicki and Sawicki (27) , and of Barton et al. (2a) , who showed that replication complexes isolated at 6 h after infection contained nsPl, nsP2, nsP3, and nsP4 and a cellular 120-kDa protein but little P34, suggest that P34 may arise simply as a by-product of the regulatory processing pathway, and it is not clear whether P34 plays any role in RNA synthesis.
The temperature-sensitive shutoff and reactivation of minusstrand RNA synthesis in ts24, revertants of ts24 (ts24R), tsl7, and ts133 (26, 29, 30) may result from different mechanisms from those which regulate RNA synthesis during WT infection. Since these mutants do not require de novo protein synthesis for continuing or for resuming the minus-strand RNA synthesis at a nonpermissive temperature, replication complexes containing cleaved P123 products may be able to synthesize minus-strand RNA as well as plus-strand RNA in these mutants. Sawicki et al. (24) and Sawicki and Sawicki (27) suggested that the same replication complexes exchange templates between minus-strand RNA and plus-strand RNA and that both nsP2 and nsP4 function in the template recognition. It seems likely that changes in the conformation of nsP2 or nsP4 induced by these mutations allow the replication complexes to recognize not only minus-strand templates but also plus-strand templates and to initiate both plus-strand and minus-strand RNA synthesis. For the nsP2-containing proteinase mutants, it is possible that accumulation of uncleaved P123 as a result of the partial inactivation of nsP2-containing proteinase (13, 27) could also account in part for the continuing synthesis of minus-strand RNA at 40°C in experiments in which continuing protein synthesis is not blocked.
The model for regulation of RNA synthesis proposed here suggests that a function of the opal termination codon positioned near the end of nsP3 in most alphaviruses may be to accelerate the conversion of minus-strand replication complexes into plus-strand replication complexes. The low efficiency of readthrough of this termination codon, 5 to 20% depending on the conditions, means that the concentration of nsP2-containing proteinases builds up faster than the concentration of nsP4-containing replicases. This should result in an acceleration of the processing of minus-strand replicase com-VOL. 68, 1994 on November 7, 2017 by guest http://jvi.asm.org/ Downloaded from plexes containing P123 and nsP4 into plus-strand complexes containing the cleaved products.
Evolutionary relationship with Sindbis virus-like plant RNA viruses. nsPl, the N-terminal helicase domain of nsP2, and nsP4 of Sindbis virus share amino acid sequence homology with the corresponding domains of many plant RNA viruses having diverse morphology and genome organization (1, 9, 17) . However, Sindbis virus-like plant RNA viruses differ from their animal virus counterparts in that their genomes do not encode a proteinase for maturation of the nonstructural proteins, with the exception of turnip yellow mosaic virus (a tymovirus), which appears to process a 206-kDa nonstructural protein (3) . In terms of genome organization, Sindbis virus resembles the tobamoviruses, tobraviruses, and soil-borne wheat mosaic furoviruses (33) in that the three conserved domains are placed in the same order as in the Sindbis virus genome and that the polymerase domain is located downstream of a partially suppressible termination codon. However, Sindbis virus differs from these plant viruses in that cleavage at the 3/4 site appears to be required for viability. The 123V and the P2C481G mutants of Sindbis virus make only the two overlapping proteins P123 and P1234 (Table 1) , equivalent to the 126-and 183-kDa proteins of tobacco mosaic virus, respectively. These polyproteins are functional in tobacco mosaic virus but not in Sindbis virus. In this regard, Sindbis virus resembles hordeiviruses, bromoviruses, cucumoviruses, and ilarviruses, in which the polymerase domain is expressed separately from the other two domains. The 12V mutant produces uncleavable P123 and mature nsP4, which are equivalent to the la and 2a proteins of brome mosaic virus, respectively. Thus the mechanisms used by the Sindbis viruslike plant viruses to regulate minus-strand RNA synthesis must differ from those used by Sindbis virus, and comparison of these mechanisms will be of interest.
As shown from this study and previous studies, proteolytic processing of nonstructural protein(s) is vital for Sindbis virus RNA replication. During the course of evolution, a papain-like proteinase (15, 34) of cellular origin was probably incorporated into an ancestral RNA virus genome, which may have facilitated efficient RNA replication and perhaps allowed the virus to expand its host range to include both vertebrate and invertebrate hosts. If the ancestor to Sindbis virus was a plant virus or an invertebrate virus, the acquisition of a proteinase could have allowed the virus to efficiently regulate RNA replication at the higher body temperatures of birds and mammals.
